Abstract Long-term (from 2005Long-term (from to 2016 trends in wet SO 4 2À deposition across China are assessed using Ozone Monitoring Instrument (OMI) SO 2 columns within the planetary boundary layer. The models for estimating monthly SO 4 2À deposition from precipitation in eight ecological regions are constructed based on SO 2 columns and ground-based measurements. An accuracy assessment shows that the models achieve highly precise predictive values for monthly deposition (R = 0.93, with a relative/absolute error of À0.1/ 0.3 kg S · ha À1 · month À1 ). In terms of spatial distribution, SO 4 2À deposition shows substantial variations across China, ranging from 0.9 to 63.9 kg S · ha À1 · year À1 , with an average of 10.4 kg S · ha À1 · year À1 .
Introduction
Because of rapid economic growth and increased demand for energy in China, sulfur dioxide (SO 2 ) emissions increased greatly after the 1980s (Larssen & Carmichael, 2000; X. Zhang et al., 2012) . These emissions began to decrease after 2006 due to strict emission regulations implemented to improve air quality (Calkins et al., 2016; Duan et al., 2016; Lu et al., 2010) . SO 2 can be transformed into sulfate (SO 4 2À ) via complex physical and chemical processes in the atmosphere, and they are then deposited on the ground by precipitation . Excessive sulfur deposition can cause harmful effects on ecosystems over the long term, such as the acidification of lakes, streams, and soils (Bouwman et al., 2002; Doney et al., 2007; Guo et al., 2010) . On the other hand, sulfur (S) is an essential nutrient for plant growth, and an insufficient S supply can affect the yield and quality of crops (Scherer, 2001) . Therefore, accurate quantification of the deposited S on the ground is important for assessing its ecological impacts on terrestrial ecosystems.
Previous studies on S deposition in precipitation were based on location-specific ground-based measurements, which were primarily performed in urban areas in China (Du et al., 2015) . Since the 1980s, a nationwide survey on acid rain in China sponsored by the National Environmental Protection Agency (NEPA) has been conducted, and it has mainly focused on the pH and conductivity of precipitation, although SO 4 2À concentrations have been measured in certain cases (Wang & Wang, 1996) . However, chemical compositions and acid depositions have not yet been reported on a national scale.
Using ground-based measurements at 43 sites, the spatial distribution of wet SO 4 2À deposition and the average value in the natural and agricultural ecosystems across China were obtained . Wet / bulk SO 4 2À deposition was determined by measuring SO 4 2À concentrations in precipitation collected from published papers Yu et al., 2017) . However, the results present significant uncertainties because of the errors in different measurements and the extensive period of time between the different studies. Thus, the long-term trends and spatial variations of wet SO 4 2À deposition in China are still unclear.
Examples of these instruments include the Total Ozone Mapping Spectrometer (TOMS), Atmospheric Infrared Sounder (AIRS), Ozone Mapping and Profiler Suite (OMPS), Scanning Imaging Absorption spectrometer for Atmospheric Chartography (SCIAMACHY), Global Ozone Monitoring Experiment (GOME), and GOME-2, and Ozone Monitoring Instrument (OMI). Satellite-based measurements of SO 2 columns have been used to indicate the spatial and temporal variations in SO 2 in the atmosphere (Ialongo et al., 2015; Krotkov et al., 2016; , assess temporal changes in the air quality and the effectiveness of policies for controlling SO 2 emissions Song & Yang, 2014; van der A et al., 2017) , estimate SO 2 emissions from anthropogenic activities (Fioletov et al., 2011; Wang et al., 2016) , and estimate volcanic SO 2 emission fluxes and the related radiative forcing effects (de Foy et al., 2009; Ge et al., 2016; Ialongo et al., 2015; Wang et al., 2013) . Furthermore, studies have employed SO 2 columns to estimate dry gaseous SO 2 deposition on a global scale (Nowlan et al., 2014) . However, to our knowledge, previously published studies have not employed remotely sensed SO 2 columns to estimate wet S deposition.
A method has been proposed to estimate monthly bulk NO 3 À deposition across China using planetary boundary layer (PBL) NO 2 columns and ground-based measurements of bulk NO 3 À concentrations .
Bulk deposition includes both wet deposited and parts of dry deposited gases and particles depending on whether the precipitation collector lid is open or not during rain and snow conditions (Lee & Longhurst, 1992) . The present study aims to estimate monthly wet SO 4 2À deposition following the framework proposed by Liu et al. (2017) . The rationale is based on the chemical reaction processes associated with acid rain formation. After being released into the atmosphere, SO 2 can be oxidized into gaseous and aqueous phases (Hoyle et al., 2016) . In the gaseous phase, SO 2 reacts with OH radicals to form sulfur trioxide (SO 3 ), which is rapidly converted to sulfuric acid (H 2 SO 4 ) in the aqueous phase (Seinfeld & Pandis, 2006) . The other important pathway of H 2 SO 4 formation is SO 2 conversion to H 2 SO 3 in the aqueous phase and then oxidation through the H 2 O 2 and O 3 pathway, which accounts for 80% or more of global sulfate production (Faloona, 2009 ).
This study is performed to estimate the monthly SO 4 2À deposition in precipitation across China and study its long-term trends from 2005 to 2016. First, statistical models are established using ground-based measurements of SO 4 2À deposition from precipitation and PBL SO 2 columns. The monthly wet SO 4 2À deposition over China is then estimated based on the constructed model. Finally, the seasonal and long-term variations in wet S deposition are detected.
Materials and Methods

Data Used in this Study
Ground-Based Measurements of Wet SO 4 2À Deposition
Precipitation samples were collected at 55 sites through the use of routine procedures employed in acid precipitation monitoring (HJ/T165-2004) . At 46 of these sites (blue dots in Figure 1 ), samples were collected from 2012 to 2016. Only data collected from 2015 to 2016 were available from the remaining nine sites (red dots in Figure 1 ). The precipitation amount was measured immediately after each precipitation event had ended, and the concentrations of SO 4 2À were measured using ion chromatography. The quality of the monitoring data was evaluated and supervised by the China National Accreditation Board for Laboratories according to international requirements. The wet SO 4 2À deposition in each month is the sum of S deposition associated with each precipitation event. 
PBL SO 2 Columns From OMI
The Ozone Monitoring Instrument (OMI) is a nadir-oriented, ultraviolet-visible spectrometer on the Aura satellite (Levelt et al., 2006) . Aura was launched on 15 July 2004 and flies in a Sun-synchronous polar orbit with a local equatorial overpass time of 13:40 on the ascending node. National Aeronautics and Space Administration (NASA)'s standard OMI daily PBL SO 2 density data set is retrieved using an algorithm based on principal component analysis (PCA), which presents considerable sensitivity for anthropogenic emissions .
In this study, the OMI daily L3e (Level 3e) SO 2 data product (0.25°× 0.25°grid in latitude and longitude) is used . For this data set, each grid contains only one observation of the total column density of SO 2 within the PBL. Each grid cell in the L3e product contains the data for the L2 observation that overlaps with the L3e grid cell that has the shortest path length based on several exclusion criteria (https:// acdisc.gesdisc.eosdis.nasa.gov/data/Aura_OMI_Level3/OMSO2e.003/doc/README.OMSO2e.pdf). The exclusion criteria contain 13 conditions, including the observation time, local calendar dates before/after the L3e day, solar eclipse possibility flag set, row anomaly flag set, a radiative cloud fraction, and solar zenith angle. into one data set within one month. The original data are described in Figure S1 . From February to October, only a few pixels had SO 2 gaps. An inverse distance weighting method is used to estimate the SO 2 values at the gaps. However, we should note the missing SO 2 data in the areas with a latitude higher than 43.8°N in December and 45.9°N in November and January due to a problem with the sensor. Here the values from regions near these areas were used to fill the gaps in the three months.
Monthly Precipitation
The monthly precipitation data from 2005 to 2016 throughout China were supplied by the Centre for Atmosphere Watch and Services (CAWAS) and China Meteorological Administration (CMA). The original data were the daily precipitation amounts at 824 stations (http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_ CHN_MUL_DAY_V3.0.html). The daily precipitation amount was summed within one month as the monthly precipitation. The method of thin plate smoothing splines was applied to obtain the gridded monthly precipitation across China because this approach could provide accurate, operationally straightforward and computationally efficient solutions to the spatial interpolation of precipitation (Hutchinson, 1995 Wet SO 4 2À deposition (WS) can be estimated by WS = W × P × C, where W is the scavenging ratio, P is the precipitation amount, and C indicates the SO 2 concentration in the atmosphere (Barrie, 1985; Sakata et al., 2006) . Here the ground measurements of SO 4 2À concentrations in the precipitation are used to estimate the parameter W following the method proposed by Liu et al. (2017) . The function is:
where WS i, n (kg S · ha À1 · month À1 ) is the measured SO 4 2À deposition in month i at site n; S PBL is the SO 2 column (DU) within PBL; P i, n (mm/month À1 ) is the precipitation amount in month i; β fix and α fix are the slope and intercept, respectively; ε n indicates the random error or site bias for site n; and ε fix indicates the fixed error derived from the long-term measurements of S i,n at site n and indicates the average effect of S i,n on the SO 4 2À measurements.
Since ε n is variable geographically, China has been divided into eight ecological regions ( Figure 1 ) to maintain consistency in the ε n value in each region. The eight regions represent China's various social-economical and geo-climatic regions (Fu et al., 2007) . In total, eight models are finally constructed to estimate the monthly SO 4 2À deposition from precipitation.
The monthly ground-based measurements of wet SO 4 2À deposition at the 46 sites are used to simulate the three parameters α fix , β fix , and ε fix in the eight regions based on the linear least squares method. In addition to the ground measurements of wet deposition, the SO 2 column at the pixel where the ground measurement is located and the precipitation amount by the ground measurement are used in equation (1) to obtain the three parameters. The statistical significance of the linear relationship is assessed using the F test, and the significance levels of α fix , β fix , and ε fix are assessed using the t test.
Evaluation of the Constructed Wet SO 4 2À Deposition Models
The abilities of the statistical models to estimate wet SO 4 2À deposition are evaluated by three methods on monthly and yearly scales. First, the ground measurements at the 46 sampling sites (blue circles in Figure 1 ) are divided into two groups; 80% of the measurements are used to construct the models, and the remaining 20% are used to evaluate the constructed models in each region. The second assessment is conducted across China based on monthly SO 4 2À deposition at the other nine sites (red circles in Figure 1 ). The third assessment is conducted based on annual wet SO 4 2À deposition in the five sites (red triangles in Figure 1 ). Pearson correlation coefficient (R), the relative error (RE), and the absolute error (AE) are used to evaluate the accuracy of the constructed models in estimating SO 4 2À deposition. , 2008 Weatherhead et al., 1998) :
where WS i represents the monthly wet SO 4 2À deposition (kg S · ha À1 · month The significance of the simulated functions is assessed using the method proposed by Weatherhead et al. (1998) . A derivation is given for the precision of the trend as a function of the autocorrelation (φ), the length T of the data set in months, and the variance in the remainder (σ N ). For small autocorrelations, the standard deviation σ B of the trend per month is approximated by
, then the trend B is real with a 95% confidence level.
Results and Discussion
Estimates of SO 4 2À Deposition and Accuracy Assessment
The models constructed for eight regions across China to estimate SO 4 2À deposition are described in Figure 2 . All of the models display R 2 values exceeding 0.53, representing statistical significance at a level of p < 0.01. The models constructed to estimate monthly SO 4 2À deposition in the eight regions showed substantial differences. Since wet SO 4 2À deposition includes contributions from both in-cloud scavenging and below-cloud scavenging (Barrie, 1985; Pan et al., 2013) , the models contain both SO 4 2À sources. The parameter α fix includes information regarding background values and the contribution of in-cloud scavenging to wet SO 4 2À deposition. Generally, α fix was higher in eastern China than in western China. As the coefficient of SO 2 × precipitation, the parameter β fix represents the scavenging effect. The scavenging ratio is defined as the SO 4 2À concentration in the precipitation divided by the SO 2 concentration in the atmosphere, which is related to the sites and precipitation types (Barrie, 1985; Cheng & Zhang, 2017) . The scavenging effects were higher in northern China than in the south and in QT. Furthermore, β fix is simulated assuming that α fix equals 0, which is consistent with the concept of the scavenging ratio. The ratios are 0.04, 0.06, 0.09, 0.04, 0.07, 0.03, 0.10, and 0.02 for the CC, NE, IM, QT, NC, SW, NW, and SC regions, respectively, which are close to those shown in Figure 2 , confirming the stability of the constructed models.
The average RE and AE for the total eight regions are À0.1 and 0.3 kg S · ha À1 · month
À1
, respectively, indicating that the estimated SO 4 2À deposition was slightly lower than the ground measurements.
Scatterplots of the estimated and measured SO 4 2À deposition in the eight regions show that the , the MRPE ranges from À16.4 to 12.4%, the MAE ranges from 0.1 to 0.5 kg S · ha À1 · month
, and the MAPE ranges from 21.9 to 31.6%. These results demonstrate the validity of the constructed models in estimating sulfate deposition in each region. The NC, NW, IM and QT regions have high MRE values of À16.4, À9.6, 10.0, and 12.4%, respectively, while the other four regions had MRE values closer to 0, indicating that the average estimates for wet SO 4 2À deposition in the these four regions deviated more from the ground measurements than those in the other four regions on a regional scale. A possible explanation may be that SO 2 concentrations in most areas of western China are relatively low, and the accuracy of the SO 2 columns exhibited relatively high uncertainty since the PCA SO 2 columns are sensitive to anthropogenic emissions . Moreover, the number of ground-based measurements in these regions is relatively small compared to that in the regions in eastern China, leading to a high degree of uncertainty in model validation for western China. However, high MAPE values of wet SO 4 2À deposition were identified in the IM, NC, and CC regions, indicating that the individual monthly error of wet SO 4 2À deposition in these three regions was higher than that in the other five regions. (Figure 3b ). These results indicate that the PBL SO 2 columns and precipitation amounts are effective for estimating wet SO 4 2À deposition, and the constructed models can be used to estimate wet SO 4 2À deposition across China.
Spatial Distribution of Wet SO 4 2À Deposition
Monthly wet SO 4 2À deposition is calculated based on the constructed models, and the annual deposition is then determined by summing the monthly values from each year. The spatial distribution of the wet SO 4 2À deposition from 2005 to 2016 is shown in Figure 4 , and it ranges from 0.9 to 63.9 kg S · ha À1 · year À1 and presents an average of 10.4 kg S · ha À1 · year
À1
. The wet SO 4 2À deposition map shows obvious regional differences across China. High wet SO 4 2À deposition values are mainly located in eastern China. One hot spot is located in northern China, which presents a wet SO 4 2À deposition value exceeding 20 kg S · ha À1 · year À1 .
Another hot spot connects the Pearl River Delta (PRD), Yangtze River Delta (YRD), Jiangxi Province, and Sichuan Basin (SCB) and primarily ranges from 20 to 30 kg S · ha À1 · year
Spatial variations in the wet SO 4 2À deposition are determined by both the PBL SO 2 columns and the precipitation amounts. The elevated columns of SO 2 are mainly associated with human activities and display good consistency with the distribution of built-up land in urban, rural, and industrial areas ( Figure S2 ). The highest SO 2 columns are located in northern China, the SCB, the YRD, and the PRD. The precipitation amount shows a decreasing gradient from southeast to northwest China, with the precipitation from 2005 to 2016 ranging from 30.7 to 2292.7 mm and averaging 611.5 mm.
To quantitatively compare the spatial variations in wet SO 4 2À deposition, the averages in the eight regions are calculated ( relatively high SO 2 columns, and the highest precipitation amounts are observed among the eight regions. Future estimates from Community Multiscale Air Quality Modeling System (CMAQ) simulations indicate that northern, central, and eastern China will receive large deposits of S deposit because of the high density of energy consumption and emissions (Zhao et al., 2009 ).
The NE, SC, IM, and SW regions follow after the NC and CC. In most areas in western China, the wet SO 4 2À deposition is lower than 5.0 kg S · ha À1 · year
, which is likely related to the relatively low SO 2 columns and low precipitation amounts. Note that the average wet SO 4 2À deposition in the QT is higher than that in the NW despite the low SO 2 columns in the QT, which is mainly due to the high precipitation in this region. 
Comparisons of Wet SO 4 2À Deposition With that Reported in Previous Studies in China
Comparison of Wet SO 4 2À Deposition Estimates With Ground Measurements
Previous studies on wet SO 4 2À deposition on a regional scale are mainly based on ground observations or simulations performed using atmospheric chemical and transportation models (CTM). Based on ground-based measurements collected at 43 stations in China from 2009 to 2014, the wet SO 4 2À deposition in natural and agricultural ecosystems ranged from 0.6 to 273.9 kg S · ha À1 · year À1 and the average was 38.7 kg S · ha À1 · year À1 . Furthermore, based on published concentrations of SO 4 2À in precipitation collected from the literature, the average SO 4 2À deposition declined from 40.5 to 34.9 kg S · ha À1 · year À1 from the 1990s to the 2010s in China (Yu et al., 2017) and the bulk SO 4 2À deposition (including wet and dry deposition through particles and/or gas) from 2007 to 2013 ranged from 2.0 to 64.5 kg S · ha À1 · year À1 and presented an average value of 20.5 kg S · ha À1 · year À1 . The ratio of SO 4 2À deposition by precipitation to deposition by particles was 1.5 from 2008 to 2010 in the CC (Pan et al., 2013) . If this ratio in the CC is multiplied by the national bulk S deposition obtained by Liu et al. (2016) , then the national wet SO 4 2À deposition would be 12.4 kg S · ha À1 · year
À1
. This value is much close to the wet SO 4 2À deposition obtained in this study.
The spatial distribution of wet SO 4 2À deposition estimated in this study and that obtained from ground measurements of SO 4 2À showed little difference ( Figure S3 ). Since the two maps of wet/bulk SO 4 2À deposition based on ground measurements were derived using Kriging methods, the spatial pattern will be greatly influenced by the sites of the ground measurements (Juang & Lee, 1998) . The spatial distribution suggested by Yu et al. (2016) indicates that wet SO 4 2À deposition decreases from southeast to northwest China, which is consistent with the precipitation map. In particular, the hot spots shown on Yu's map are located in Zhejiang and Fujian Provinces, but these hot spots were not identified in the other two studies. On the maps by Liu et al. (2016) , the regions with heavy deposition are continually connected from NC to SC. These hot spots were also found in this study, with several individual hot spots the NE, NC, CC, and SCB-Guiyang regions. The markedly high increase in the S deposition rate in the North China Plain, Guangzhou, and south of Chongqing is also supported by Kuribayashi et al. (2012) . High S deposition in the Sichuan-Guiyang area was also observed in the 1990s using the Kriging method (Larssen & Carmichael, 2000) .
Comparison of Wet SO 4 2À Deposition Values With the Simulation Results by Atmospheric
Chemical and Transportation Models
Based on CTM models, several studies have simulated wet SO 4 2À deposition across China. These studies obtained an average of 4.9 kg S · ha À1 · year À1 for 2007 using the Quality Prediction Modeling System coupled with a cloud-process module (Ge et al., 2014) , 4.5 kg S · ha À1 · year À1 for 2013 using the CMAQ 5.4 (Cheng et al., 2016) , and 5.6 kg S · ha À1 · year À1 for 2002 using the atmospheric transport modeling system (ATMOS; Xu et al., 2006) . These simulated wet SO 4 2À deposition values on a national scale are clearly lower than those indicated by ground-based measurements Yu et al., 2016 Yu et al., , 2017 .
The spatial distribution of wet SO 4 2À deposition in this study is compared with that obtained in 2007 (Ge et al., 2014) since the wet SO 4 2À deposition in 2002 (Xu et al., 2006) was not estimated in this study and the wet SO 4 2À deposition map was not provided by Cheng et al. (2016) . The spatial pattern of wet SO 4 2À deposition obtained in this study is similar to that obtained by the CTM, with hot spots in NC, Sichuan-Guiyang, and some areas in CC ( Figure S4 ). The main differences between the two maps is that the area around Guangzhou had relatively high wet SO 4 2À deposition in this study but relatively low values by the CTM, possibly because the simulation results by the CTM are greatly influenced by SO 2 emissions. In Guangzhou, although SO 2 emissions decreased since 2002, SO 4 2À deposition did not correspondingly decrease since the chemical composition is largely controlled by the emission of pollutants from surrounding areas, and the wet SO 4 2À deposition in 2010 was 43 kg S · ha À1 · year À1 (Fang et al., 2013) . Obviously, the estimates for wet SO 4 2À deposition by the CTM were lower than the ground measurements in this area. From the above analysis, the spatial distribution of wet SO 4 2À deposition obtained by this study is reasonable.
Seasonal Variations in Wet SO 4 2À Deposition
The seasonal variation in wet SO 4 2À deposition is important for understanding the effects of wet SO 4 2À deposition on ecosystems. The wet SO 4 2À deposition values increase from January to July and then decrease ( Figure 5) . The values range from 0.2 to 1.4 kg S · ha À1 · month
À1
; thus, the peak value is approximately seven times the lowest.
The monthly average precipitation amounts increase from January until July and then decrease, and the peak value is 115.0 mm, while the lowest value is 4.6 mm. The variation in monthly precipitation is mainly influenced by the Asian monsoon, which is characterized by a wet season and a dry season (Webster et al., 1998) .
The monthly SO 2 columns show an opposite trend with the precipitation amount, with low values in summer and high values in winter. The SO 2 columns range from 0.23 DU in July to 0.37 DU in December; thus, the peak value is approximately 1.6 times the lowest value. Because SO 2 emissions in China are mainly produced from power plants and industrial sources and display weak seasonal changes (Q. Zhang et al., 2009) , the monthly variations in SO 2 columns are due mainly to the longer lifetime and the higher dry/wet deposition rates that occur in winter relative to summer (Lee et al., 2011; Luo et al., 2016) .
The range of SO 2 columns is much lower than that of the precipitation amounts; thus, the monthly variations in wet SO 4 2À deposition are determined mainly by precipitation variations. Seasonally, summer makes the greatest contributions to the annual wet SO 4 2À deposition, and it accounts for 43.0% of the total deposition.
This high value occurs primarily because 51.7% of the total precipitation occurs in summer. Spring and autumn contribute 22.0 and 25.3% of the yearly wet SO 4 2À deposition, respectively, whereas the precipitation amounts in these two seasons account for 20.7 and 22.7% of the total amount, respectively. Winter makes the smallest contribution to the yearly wet SO 4 2À deposition at only 9.7% .
Long-Term Trends of Wet SO 4 2À Deposition Across China
The long-term trends of wet SO 4 2À deposition in eight regions during 2005-2016 are shown in Figure 6 , and the parameters for testing significance are described in Table S1 . The simulated trend models in the seven regions (excluding the SW region) have R 2 values higher than 0.60, indicating that the constructed models are reliable. However, the model trends in the SW region did not pass the test at p < 0.05. The simulated models show that wet SO 4 2À deposition followed an annual cycle in each region. The amplitude of wet SO 4 2À deposition from the lowest to the highest values shows regional differences and follows the order NC > NE > CC > IM > SC > QT > NW. , respectively (Figure 6 ). For the NE, NW, QT, and IM regions, the wet SO 4 2À deposition significantly increased at rates ranging from 0.00024 to 0.001 kg S · ha À1 · month À1 .
Because wet SO 4 2À deposition is influenced mainly by PBL SO 2 columns and precipitation amounts, the trends of these two factors in the eight regions should be discussed in detail.
The precipitation levels show significant increases in six of the regions, excluding the NC and SW regions. High rates of increase in precipitation are apparent in CC and SC, with values of 0.17 and 0.13 mm/month, respectively, whereas low increases in precipitation of 0.02 and 0.03 mm/month are evident in the NW and QT regions, respectively. In the NE and IM regions, the rates of increase in precipitation are 0.06 and 0.07 mm/month, respectively. In contrast to the other six regions, the NC and SW regions do not show 
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In sharp contrast to the trends in precipitation, the PBL SO 2 columns show significant decreases in five of the regions, with the exception of the NE, NW, and QT regions. In the two regions in western China, SO 2 shows steady increases, with a low rate of increase of 0.0001 DU/month ( Figure S6 ). The decreasing trends in SO 2 columns in the five regions, particularly in NC and CC, reflect the effects of policies to control SO 2 emissions in China. A clear aim of the 11th and 12th Five-year Plans was to reduce national SO 2 emissions. Under these strict policies, small power-generating units and inefficient industrial facilities were closed, and 82.6% of thermal power plants were equipped with flue gas desulfurization in 2010. According to the data issued by the National Bureau of Statistics of the People's Republic of China, SO 2 emissions decreased by 57.4% in 2016 compared to that in 2006 (the peak year of SO 2 emissions from 2005 to 2016) across China. These SO 2 emission control policies have had substantial effects in terms of reducing SO 2 concentrations in the atmosphere, as reported by previous studies van der A et al., 2017; . These results indicate that the effects of SO 2 emission control policies on decreasing the SO 2 concentration in atmosphere are quite large, but the policies did not significantly affect wet S deposition.
Uncertainty Analysis
According to the constructed models to estimate wet SO 4 2À deposition, the uncertainties in the estimated results derived from OMI SO 2 PBL columns, rainfall interpolations, and the constructed models themselves. 3.6.1. Uncertainties in the OMI SO 2 PBL Columns Four factors lead to uncertainty in the OMI SO 2 PBL column values.
The first is the accuracy of the SO 2 retrievals. Noise and bias are greatly reduced on the PCA-based SO 2 column compared with the previous band residual difference SO 2 algorithm . The PCA SO 2 columns have been successfully used to detect regional SO 2 emissions and pollution Krotkov et al., 2016; McLinden et al., 2016; and have shown high precision in the detection of SO 2 . However, since the PCA assumes the same fixed condition included in the band residual difference algorithm, this approach results in systematic errors for sources located at high elevations or different latitudes or under different surface conditions . The PCA SO 2 retrievals and the ground observations by MAX-DOAS at Beijing presented consistent seasonal variations, with a correlation coefficient of 0.77; however, the PCA SO 2 retrievals had systematically lower values compared with the ground observations (Yan et al., 2016) .
The second factor that causes uncertainty is related to the SO 2 amount representing the entire atmospheric column and not the precipitation height. To estimate wet SO 4 2À deposition, the SO 2 columns below the precipitation height should be used instead of the entire atmospheric height since the scavenging effect on SO 4 2À component occurs from the top precipitation height (Racette et al., 1996) . However, the precipitation height is not feasible to model due to its ephemeral and variable nature in both space and time (Bruintjes et al., 1994) . Considering that SO 2 is predominantly observed within the PBL ( Figure S8 ), which is commonly lower than the precipitation height , the total SO 2 columns were directly used to estimate SO 4 2À deposition. However, the uncertainties caused by the SO 2 amounts in different atmosphere layers should be addressed.
The third factor that causes uncertainty is related to the removal of negative values from SO 2 columns, which will lead to a systematic high bias in the SO 2 fields because the negative SO 2 values might mean low SO 2 emissions (Yan et al., 2016) . However, a proper method of processing these negative SO 2 retrievals is not available. Considering that the estimation model is a statistical model, the systematic high bias will not cause considerable uncertainties in the estimated results.
The fourth uncertainty is the gaps in the SO 2 columns in northern China in the cold season. Since the areas with latitudes higher than 43.8°N in December and 45.9°N in November and January had no reliable SO 2 columns, the values from regions near these areas are used to fill the gaps in the three months. The uncertainties induced by this factor will influence the estimated wet S deposition in the NE, IM, and NW regions, which will further influence the trends of the associated deposition. The highest uncertainties were found in the NE region ( Figure S1 ).
Uncertainties in the Precipitation Data
Although the thin-plate smoothing splines can provide accurate spatially distributed precipitation estimates (Hutchinson, 1995) , uncertainties are still observed in the precipitation maps. We selected January, April, July, and October to represent the four seasons to assess uncertainties in precipitation induced by the interpolation method. The differences between the average interpolated and measured precipitation levels were À0.5, 0.5, 1.3, and 2.2 mm in the four months, respectively, and these values accounted for 2.0, 0.8, 1.1, and 2.2% of the measured averages, respectively. These results demonstrate that the interpolated method generated a reliable precipitation map, with higher accuracy in spring and autumn than in winter and summer. However, seasonal variations and the spatial heterogenicity of the uncertainties in precipitation should be noted ( Figure S8 ). The number of sampling sites in eastern China was higher than that in western China, resulting in greater uncertainty in western China since the uncertainty associated with parameter estimates decreases with increasing sample size (Crawley, 2002) .
Uncertainties in the Constructed Models
The constructed models are regression functions in which the parameters are simulated by the least squares method. This method assumes that errors in the independent variables are zero or are strictly controlled and thus negligible (Fuller, 1987) . However, the errors are nonnegligible, resulting in a determination coefficient (R 2 ) lower than 1. The values of R 2 ranged from 0.53 to 0.86 for the eight regions, indicating that the regression models could explain 53 to 86% of the variation of wet SO 4 2À deposition. The NW region shows the lowest R 2 (0.53), possibly because of the variable SO 2 and precipitation amounts in this region.
Additionally, region division introduces uncertainty to the constructed models. The regional separation is obvious in terms of wet SO 4 2À deposition (Figure 4a ) due to the different constructed models for each region.
However, wet SO 4 2À deposition at the boundaries of the regions should be continuous since the PBL SO 2 columns and precipitation amounts are spatially continuous. The reasons for constructing models in each region have been discussed in sections 2.1 and 3.1.
The parameter β fix represents the scavenging effect on SO 2 concentrations by precipitation; therefore, the SO 2 column should be involved. However, the OMI SO 2 product represents the column density rather than the SO 2 column within the PBL, which will introduce uncertainty to the estimation results. Considering that new uncertainties are introduced when calculating the SO 2 columns and β fix is resolved by a statistical method, the SO 2 column density is still used.
The uncertainties in PBL SO 2 columns, interpolation methods of precipitation, and the constructed models resulted in uncertainties in SO 4 2À deposition. Although the averaged errors (0.2%) at the nine sites are relatively low, the errors at the individual sites ranged from À41.4 to 19.7%, indicating that the uncertainties in the wet SO 4 2À deposition estimates had spatial heterogenicity ( Figure S9 ). However, an uncertainty map of wet SO 4 2À deposition cannot be provided due to the relatively sparse distribution of the accuracy at the various sites.
Conclusions
The present study estimates wet SO 4 2À deposition across China based on OMI PBL SO 2 columns, ground measurements of wet SO 4 2À deposition, and precipitation levels. The models constructed and applied in eight regions across China to estimate wet SO 4 2À deposition in each region produced reliable results, reflecting the potential of using remotely sensed SO 2 columns to estimate S deposition.
The wet SO 4 2À deposition values showed extensive spatial variation, with higher values in eastern versus western China. Five hot spots of wet SO 4 2À deposition are located in north China, the PRD, the YRD, Jiangxi Province, and SCB, reflecting the highly developed industrial activities in these areas.
Wet SO 4 2À deposition across China did not show a significant linear trend from 2005 to 2016 due to the opposing trends of significantly decreasing SO 2 columns but increasing precipitation amounts. However, the long-term trends of wet SO 4 2À deposition show spatial variations, with significant decreases in eastern China, which has relatively high wet SO 4 2À deposition values, and significant increases in northeast and west China, indicating that the air quality policies to control SO 2 emissions have affected wet SO 4 2À deposition in some areas in China.
